Theiler's disease-associated virus (TDAV) could be the aetiological agent of Theiler's disease. Horses experimentally inoculated with equine plasma containing TDAV develop acute and chronic infections with viraemia.
INTRODUCTION
Theiler's disease is also known as acute hepatic failure, acute serum hepatitis, postvaccinal hepatitis, or idiopathic acute hepatic disease in horses [1] [2] [3] . This disease was first described in 1919 by Arnold Theiler and occurs after the administration of an equine serum/plasma product [4] . After the first report of Theiler's disease, the causative agent responsible for it was not determined for nearly a century. In 2013, Sanjay Chandriania et al. investigated an outbreak of Theiler's disease on a horse farm in the USA and identified one novel virus of the family Flaviviridae using massively parallel sequencing and a subsequent nucleic acid-based screening method [5] . This virus is associated with Theiler's disease and was designated Theiler's diseaseassociated virus (TDAV).
The genome of the first sequenced TDAV strain (name: HorseA1_serum) is 10 479 nt in length, including a 617-nt 5¢ untranslated region (UTR), a 9567-nt single long open reading frame (ORF) and a 292-nt 3¢ UTR [5] . The TDAV polyprotein encoded by the ORF sequence is predicted to cleave into the following 10 viral proteins: core, E1, E2, NS2, NS3, NS4A, NS4B, NS5A, NS5B and a putative viral protein '*' (provisionally designated 'X' in our study). The TDAV X protein is a putative cleaved product between E1 and E2. TDAV is highly genetically divergent from other members of the family Flaviviridae. The complete TDAV polyprotein only has 35.3 % amino acid sequence identity with the most closely related virus.
After its discovery, an epidemiological survey on TDAV in the equine population was conducted in the UK, France, Germany, Brazil and China [6] [7] [8] [9] . However, no TDAV RNA was detected. Interestingly, a study performed in Germany by Alexander Postel et al. found that three out of the six equine sera that were commercially available for purchase for cell culture propagation in Germany were TDAV RNA-positive [9] . In addition, one 3887-nt sequence covering the 5¢ UTR-NS3 region of one TDAV strain was acquired by standard PCR, but further attempts to obtain longer genome sequences of this strain using PCR and a deep sequencing method were unsuccessful. Previously, we also confirmed the existence of TDAV RNA in equine sera (four out of the nine samples) commercially available for cell culture propagation in China [10] . However, only a 355 bp NS3 region was sequenced and analysed.
This evidence suggested that it was necessary to determine whether the equine sera that are commercially available for cell culture are contaminated with TDAV. Thus far, no studies on the screening of susceptible cell lines have been reported that support the replication of TDAV in vitro. Using commercial equine sera contaminated with TDAV for cell culture propagation might influence the experimental results. Additionally, whether humans can be infected with TDAV has not been investigated, and the biosecurity of using equine sera containing TDAV still requires further study.
Considering TDAV's association with Theiler's disease and the limited reports on the TDAV genome, it is important to sequence the genome of the circulating TDAV strains and characterize them genetically to assess the genetic relatedness between TDAV strains. In the present study, we sequenced the nearly complete genomes of four TDAV strains identified in commercially available equine sera in China and analysed the sequences.
RESULTS
Genome sequencing and characterization of four sequenced TDAV strains The genomes of four TDAV strains (A/China, F/China, H/ USA, I/USA) were first amplified by RT-PCR using primers targeting the HorseA1_serum genome and then sequenced (Fig. 1) . After assembling the raw data, the genome was successfully acquired and submitted to the GenBank database (accession numbers: MH063518-MH063521 The RNA-dependent RNA polymerase of members of the family Flaviviridae has low fidelity, and the viral gene of the progeny virus has a high degree of variability. A/China, F/ China, H/USA and I/USA were identified in the commercial equine serum collected from donor equines. When investigating the nucleotide variation of the four TDAV strains in the donor equines, an analysis of the polyprotein gene indicated that a total of 9, 18, 20 and 30 variations were observed with 4, 12, 13 and 9 synonymous substitution sites in A/China, F/China, H/USA and I/USA, respectively (Table 1) . Interestingly, six continuous nucleotide variations (nt position: 6276-6280) were identified in one sequenced PCR fragment in I/USA, causing one synonymous and two nonsynonymous amino acid variation sites.
Homology analysis of four sequenced TDAV strains A SimPlot analysis was carried out to perform a homology analysis between the polyprotein genes of the four sequenced TDAV strains in this study and other pegiviruses. With HorseA1_serum used as a query strain, this analysis clearly suggested that A/China, F/China, H/USA and I/USA have a high degree of genetic similarity with HorseA1_serum at the genomic level (Fig. 2) . Next, a nucleotide and protein homology analysis was performed between the four strains and HorseA1_serum ( (Table 3) , suggesting genetic diversity and a high degree of similarity in the polyproteins of TDAV.
Phylogenetic analysis of four sequenced TDAV strains
The constructed maximum-likelihood phylogenetic tree based on the polyprotein gene suggests that the pegiviruses are divided into two clades (Fig. 3) . One clade contains H/USA C669T, G1665A, G2156C (G719A), C2461T, A2700G, C3017T (T1006I), T3741C, G3939A, T4107C, T5214C, G5516T, T6681C, G6907A (V2303I), G7151A (R2384Q), G7282A (G2428R), G7793A (G2593D), G8095A (D2699N), A8196G, C8550T, T8685C 
DISCUSSION
As the International Committee on Taxonomy of Viruses (ICTV) suggested, the newly proposed genus Pegivirus is classified in the family Flaviviridae [11, 12] . Genomic characterization has identified 11 species in the genus Pegivirus (Pegivirus A-K), and 2 species of viruses in the genus Pegivirus have been found in equines, TDAV (Pegivirus D) and EPgV (Pegivirus E) [5, [13] [14] [15] . Until now, Pegivirus D contained only a single species type of TDAV. After the first discovery of TDAV, only one TDAV strain's genome had been sequenced. In this study, the genomic sequences of four TDAV strains were obtained, and a genetic analysis was conducted.
Sequence analysis showed genetic diversity among the strains of TDAV. Of the four strains analysed in this study, I/USA is the most genetically similar to HorseA1_serum ( Table 2 ). The viral genes of A/China, F/China, H/USA and I/USA had different degrees of nucleotide homology with the viral gene of HorseA1_serum. In addition, A/China had a nucleotide homology of 93.6 % with F/China, while it had nucleotide homologies of 91.8 and 90.8 % with H/USA and I/USA, respectively (Table 3 ). This demonstrated that the TDAV in the equine sera commercially available for use for cell culture propagation in China is genetically related to the geographical origin of the serum.
The true prevalence of TDAV in equines remains unclear. Molecular evidence for TDAV has not been reported worldwide since the first report of its discovery. Alexander Postel et al. reported that a high proportion of TDAV RNA was detected in commercial equine serum, but they did not detect TDAV in the horse serum pools used for the manufacture of veterinary products or in serum samples collected from individual horses [10] . In contrast, two other newly emerging equine viruses, equine hepacivirus and EPgV, were identified in raw sera from donor horses, commercial equine serum and individual horses. Until now, the detection method for TDAV included standard PCR and real-time PCR using primers designed based on the TDAV strain HorseA1_serum genome [5] [6] [7] [8] 10] . The genomic information for the four TDAV strains in this study may help in the design of primers that are better able to detect a broad range of TDAV strains. In addition, a serological detection method for TDAV has not been established, making TDAV infection in equines more difficult to study. The high degree of protein homology among the TDAV strains identified in this study provides a theoretical basis for the establishment of a serological detection method for TDAV.
Recently, a novel parvovirus, equine parvovirus-hepatitis (EqPV-H), was identified in a horse that died of Theiler's disease [16] . The experimental infection of two horses with commercial tetanus antitoxin containing EqPV-H suggested that this virus is able to replicate and cause viraemia in both animals. Importantly, the researchers retested the samples that had been positive for TDAV RNA in the first report of this virus and found that all of these samples also contained EqPV-H [16] . Further study is still needed to clarify the relationship between TDAV and Theiler's disease.
In conclusion, the genomes of four TDAV strains were sequenced in this study. Sequence analysis indicated that TDAV is genetically diverse, and the four sequenced TDAV strains have nucleotide similarities of 90.5-93.3 % with the first reported TDAV strain. This study enriches our knowledge of the genetic relatedness between TDAV strains.
METHODS
Sample collection and cDNA synthesis From 2016 to 2017, equine sera commercially available for cell culture propagation in China (n=9) were purchased and stored at À80 C for further study. Serum samples A, F, H and I had tested positive for TDAV RNA in our previous study [10] . It was noted that the serum samples A and F were from China, while H and I were from the USA. Total RNA was extracted from each of the four samples and reverse transcribed into cDNA as described previously before storage at À80 C for further use.
Genome sequencing and assembly
To acquire the complete genome sequences of the four TDAV strains, we first retrieved the nucleotide sequence of the TDAV strain HorseA1_serum (accession number: KC145265) from the NCBI database (https://www.ncbi.nlm. nih.gov/). In the first round of PCR, seven primer pairs targeting the different genomic regions of HorseA1_serum were designed by Oligo 7.0 (Fig. 1) . Using 2 µl of synthesized cDNA as the template, the PCR was performed with Phanta Max Super-Fidelity DNA polymerase (Vazyme, People's Republic of China). The PCR product mixed with bromophenol blue loading buffer was electrophoresed on a 1.5 % agarose gel. The PCR band with the expected size was collected, and the DNA fragment was extracted and purified with a universal DNA purification kit (Tiangen, People's Republic of China). The DNA concentration was determined by NanoDrop (Thermo, USA), and the DNA fragment was cloned into the PLB vector using a lethal-based fast cloning kit (TianGen, People's Republic of China). The ligation product was then transformed into TOP10 chemically competent cells (Weidi, People's Republic of China). The two to six positive Escherichia coli clones detected by PCR were sent for sequencing (BGI, People's Republic of China). The gaps between the sequenced fragments and the remaining genome fragment were amplified by PCR with seven other primer pairs in the second and third PCR rounds. The genome was assembled by SeqMan 7.1.0 using the raw data from the sequencing results. The nucleotide variations at each nucleotide site of the polyprotein gene of A/China, F/China, H/USA and I/USA were analysed based on the raw sequencing data from the positive E. coli clones (Table 1) .
Homology analysis
The nucleotide sequences of the representative virus strain HorseA1_serum in Pegivirus D were obtained from the NCBI database. The sequences of the polyprotein genes of the four sequenced TDAV strains (A/China, F/China, H/ USA and I/USA) were aligned with that of HorseA1_serum using BioEdit 7.0.9.0. A genetic similarity analysis was performed by SimPlot 3.5.1. (Fig. 2) [17] . Plot similarity was determined with a 200 bp window and a step size of 20 bp. The TDAV strain HorseA1_serum was used as a query for comparison with the other strains.
The nucleotide sequences of the coding regions of the polyproteins and the viral proteins of A/China, F/China, H/ USA and I/USA were obtained by alignment with that of HorseA1_serum by the Clustal W method ( Table 2 ). The nucleotide/amino acid homologies between HorseA1_se-rum and each of the four strains investigated in this study, namely, A/China, F/China, H/USA and I/USA, were calculated using MegAlign 7.1.0. In addition, the nucleotide/ amino acid homologies among the four sequenced TDAV strains were also determined using the same method (Table 3) .
Phylogenetic analysis
To understand the genetic relatedness among TDAV strains, a phylogenetic tree was constructed using MEGA 5.05 (Fig. 3) . After analysing the nucleotide sequences of the polyprotein genes using 'Find Best DNA/Protein Models', the maximum-likelihood phylogenetic tree was inferred using the Tamura-Nei (TN) and gamma distributed with invariant sites (G+I) nucleotide substitution models. The bootstrapping tests were performed with 1000 replicates. 
